Introduction
Many of the sensory systems involved in perceiving our selfmotions (vision, the vestibular system of the inner ear, the proprioceptive detection of limb/joint movement and position, and the somatosensory system of cutaneous receptors) also provide essential information for controlling our stance (howard 1982; Palmisano et al. 2011) . Vision, in particular, is known to play important roles in both types of processing. this can be seen clearly by the fact that visual motion of large regions of the surrounding environment can induce both illusory self-motion (known as vection) and significant postural responses in standing observers (van asten et al. 1988; Berthoz et al. 1979; lee and lishman 1975; lestienne et al. 1977; lishman and lee 1973; stoffregen 1985) . For example, lishman and lee (1973) found that compelling back-and-forth vection could be quickly induced by moving the walls and ceiling of an experimental 'swinging room' back and forth around their standing observers. Even though the floor on which they stood never moved, these observers swayed noticeably in a manner consistent with their visually perceived self-motion. subsequent research showed that the magnitudes of vection and visually induced postural sway both increase with the area, velocity and spatial frequency of the surrounding scene motion (Berthoz et al. 1979; lestienne et al. 1977) . several researchers have proposed that the two phenomena might even be controlled by the same visual processes (Previc and Mullen 1990; tanahashi et al. 2007) .
Abstract this study asked whether individual differences in the influence of vision on postural stability could be used to predict the strength of subsequently induced visual illusions of self-motion (vection). In the experiment, we first measured spontaneous postural sway while subjects stood erect for 60 s with their eyes both open and both closed. We then showed our subjects two types of self-motion display: radially expanding optic flow (simulating constant velocity forwards self-motion) and vertically oscillating radially expanding optic flow (simulating constant velocity forwards self-motion combined with vertical head oscillation). as expected, subjects swayed more with their eyes closed (compared to open) and experienced more compelling illusions of self-motion with vertically oscillating (as opposed to smooth) radial flow. the extent to which participants relied on vision for postural stability-measured as the ratio of sway with eyes closed compared to that with eyes open-was found to predict vection strength. however, this was only the case for displays representing smooth self-motion. It seems that for oscillating displays, While such visually induced postural responses may seem to be due to, or compensating for, vection, this is unlikely to be the case since: (1) vection can occur without postural change, (2) visually induced postural sway can occur without vection, and (3) vection is typically experienced several seconds after the onset of visually induced postural sway (e.g. Berthoz et al. 1979; Previc and Mullen 1990) . this does not, however, rule out the possibility of a common underlying mechanism which might be at work prior to the sensation of 'self-motion' reaching consciousness. thus, the goal of visually induced sway could still be to minimise any global optical flow so as to maintain an upright posture (Palmisano et al. 2009 ).
a number of recent studies have examined possible links between visually induced postural responses and vection. In one study, Kuno et al. (1999) measured the magnitudes of the sway and vection induced when standing subjects were exposed to large frontal displays simulating alternating forwards and backwards self-motion in depth. they reported that increases in visually induced postural sway were typically followed shortly afterwards by increases in linear vection. similarly, another study by thurrell and Bronstein (2002), which exposed standing subjects to rotary optic flow, also observed greater magnitude postural sway during roll vection than during perceived object/scene motion. Most recently, tanahashi et al. (2007) found that while postural sway was greatest during roll vection, visual scene rotation without vection still generated more postural sway than no visual motion conditions. In order to explain their results, they proposed that self-motion perception and postural control both utilised the same visual information, but that their respective mechanisms had different operating thresholds.
Over the last decade, evidence has been mounting that postural measures can be used identify people who will be susceptible to visually induced motion sickness (e.g. smart et al. 2002; stoffregen and smart 1998) . Inspired by these reports, the current experiment examined whether individual differences in the influence of vision on postural stability might be used to predict the strength of subsequently experienced vection. Unlike most of the studies above, which measured vection and visually induced postural responses continuously throughout the simulated selfmotion, 1 here, we measured spontaneous postural sway prior to any visually simulated self-motion. In an attempt to identify the contribution of vision to stabilization, we measured the lengths of postural sway paths when subjects were quietly standing on the floor of a brightly lit stationary room, with both eyes open and with both eyes closed (During these postural measurements there was no display motion). Visual stabilization was then estimated by calculating each subject's Romberg quotient (i.e. sway path length with eyes closed divided by sway path length with eyes open-see Van Parys and Njiokiktjien 1976; Kelly et al. 2008) .
the purpose of this study was to determine whether individual differences in this Romberg quotient could predict the strength of the vection induced by two different types of optic flow: (1) smooth radial flow, which simulated 6 m/s forward self-motion in depth; and (2) vertically oscillating radial flow, which simulated the same constant velocity forward self-motion combined with vertical head oscillation (frequency 1.5 hz; amplitude 0.75 m). While smooth optic flow is thought to generate only minimal/transient conflicts between the stationary observer's visual and non-visual self-motion sensory systems, vertically oscillating radial flow should generate substantial intersensory conflict (since the vertical self-accelerations simulated would normally be accompanied by significant and continuing vestibular stimulation). Despite these expectations, it is well established that adding horizontal/vertical simulated viewpoint oscillation to smooth radial flow significantly increases vection in depth (Kim and Palmisano 2008; Kim et al. 2012; Palmisano et al. 2007 Palmisano et al. , 2008 Palmisano et al. , 2011 Palmisano et al. , 2012 . In fact, adding simulated viewpoint oscillation to smooth flow is now a proven method for enhancing the vection experience (when all other aspects of the display are held constant-e.g. smooth flow speed, display density, etc.-see also Nakamura 2010 Nakamura , 2013 . thus, the dual benefit of the current 'smooth versus oscillating' radial flow manipulation was that we could not only examine the relationship between postural sway and vection for different strength visual inducing stimuli, but we could also examine it under different conditions of (expected) intersensory conflict as well.
In the current context, we hypothesised that vection might be stronger for individuals who rely more on their vision for postural stability and that they would also display larger oscillation advantages for vection-the idea being that these individuals might be both more prone to experiencing visually mediated illusory self-motion and less sensitive to any potential non-visual sensory conflicts arising when they viewed the oscillating self-motion displays.
Methods subjects twenty psychology students and staff (16 females and 4 males; mean age 25.9, sD = 9.5) from the University of Wollongong participated in this experiment. the 18 undergraduate psychology students received course credit for their participation. all had normal or corrected-to-normal vision and no existing vestibular or neurological impairments. the Wollongong University Ethics committee approved the study in advance (hE12/249). Each subject provided written informed consent before participating in the experiment. these protocols were in accordance with the ethical standards laid down in the 1964 Declaration of helsinki. apparatus computer-generated displays were rear projected onto a flat projection screen (1.48 m wide × 1.20 m high) using a Mitsubishi Electric (Model XD400U) data colour projector (1024 (horizontal) × 768 (vertical) pixel resolution). When viewed from a distance of 0.65 m away from the screen, these displays subtended a visual angle of 66° × 62°. During this experiment, subjects stood on a Bertec balance plate (http://bertec.com/products/balance-plates.html), which recorded changes to the location of their centre of foot pressure (coP sampled at 1,000 hz).
Visual motion stimuli
Our radially expanding optic flow displays all simulated forwards self-motion at 6 m/s. the simulated self-motion passed through a 3-D cloud consisting of 2,000 randomly placed blue circular objects (each being eight pixels in diameter). these objects were uniformly distributed throughout the simulated 3-D environment-the dimensions of which were 15 m wide × 15 m high × 40 m deep.
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In half of the displays, simulated vertical viewpoint oscillation was also added to the radial flow display. When present, this simulated viewpoint oscillation had a frequency of 1.5 hz and an amplitude of 0.75 m.
Procedure subjects initially provided potentially relevant demographic details, such as their age, any health issues, alcohol and medication consumption. they next removed their shoes and had their height, weight, hip width, foot length and foot width recorded. We then asked subjects to step onto the force plate and marked their foot positions (feet together) with a whiteboard marker to ensure that they did not change during testing. During coP measurement, subjects were asked to stand still with their knees kept straight and their hands folded on their abdomen. We measured changes to their centre of foot pressure (coP, sampled at 1,000 hz) while they stood erect on a Bertec balance plate for periods of 60 s (twice with their eyes open looking at the part of the stationary room that was directly in front of them, and twice with their eyes closed). Only after the coP measurements were obtained for these quiet stance conditions, did we expose the standing subjects to three purely radial and three vertically oscillating radial flow displays. the order in which these six vection displays were presented was counterbalanced across the twenty subjects (either the three purely radial displays, or the three oscillating radial displays, were presented first). at the end of each 30 s vection display, subjects verbally rated the strength of their vection experience on a 100-point scale (with '0' indicating no perceived self-motion). they were then exposed to a blank display for 1 min aimed at extinguishing any residual postural after-effects, as well as allowing subjects time to recover prior to their next vection trial.
Results
Postural sway data the coP data (in m) were first smoothed using a low-pass order-5 Butterworth filter with a cut-off frequency of 10 hz (to remove unwanted high-frequency artefacts-see Fig. 1 for an example). these smoothed coP data were then converted into sway path length estimates for each eyes-open Vection strength data as expected, a paired samples t test revealed that oscillating radial flow (M = 60.4, sD = 21.4) induced significantly stronger vection than smooth radial flow (M = 49.2, sD = 22.4), t 19 = 2.22, p = 0.038. In order to test our first hypothesis that individual differences in the influence of vision on postural stability might predict vection strength, we then performed two separate linear regression analyses (with the subjects' Romberg quotients as the predictor and either their smooth or oscillating vection strength ratings as the dependent variable). We first confirmed that in both cases, the assumptions of normality, linearity
and homoscedasticity of the residuals were met. While the relationship between Romberg quotients and vection strength ratings was not significant in the oscillating radial flow conditions, R 2 = 0.000, t 19 = 0.05, p = 0.96 (see Fig. 2 right), higher Romberg quotients significantly predicted stronger vection ratings in the smooth radial flow conditions, R 2 = 0.36, t 19 = 3.15, p = 0.006 (see Fig. 2  left) . a spearman's rank order correlation was run in order to determine whether the latter significant relationship was due to the influence of outliers.
3 contrary to this notion, we found that the relationship between Romberg quotients and smooth vection remained statistically significant (r s (18) = 0.554, p = 0.011).
In order to check that the above relationship was not simply due to individual differences in spontaneous postural sway (as opposed to individual differences in the Romberg quotient), we ran two additional linear regression analyses. however, the relationship between eyes-open sway path and vection strength ratings was not significant for either oscillating radial flow (R 2 = 0.056, t 19 = 1.03, p = 0.32) or smooth radial flow (R 2 = 0.004, t 19 = 0.268, p = 0.79).
Next we tested our second hypothesis that individuals who rely more on their vision for postural stability would also display larger oscillation advantages for vection. By subtracting each subject's vection strength ratings for the smooth radial flow from their vection strength ratings for oscillating radial flow, we obtained an index of the size of their oscillation advantage for vection. as can be seen in Fig. 3 , the Romberg quotient significantly predicted the degree of this oscillation advantage for vection, R 2 = 0.34, t 19 = 3.15, p = 0.006. however, opposite to the predictions of our second hypothesis, we found that subjects who relied 3 spearman's rho is robust to the influence of outliers, as it limits the contribution of each outlier simply to the value of its rank. Fig. 2 Relationship between the Romberg quotient for sway path and the rated strength of smooth (left) and oscillating (right) vection on vision less for stabilization actually tended to experience larger oscillation advantages for vection.
It was also possible that the failure to find a significant relationship between the Romberg quotients and oscillating vection could have arisen due to ceiling effects. there was some support for this proposal. as can be seen in Fig. 4 , subjects who experienced stronger vection with smooth radial flow tended to display smaller oscillation advantages than those who had experienced weaker vection with smooth radial flow (R 2 = 0.3, t 19 = −0.275, p = 0.013.
Discussion
consistent with our expectations and the findings of previous studies, spontaneous postural sway was significantly greater during eyes-closed (as opposed to open) conditions, and oscillating displays induced significantly more compelling vection than smooth displays. Previously, under superficially similar conditions (i.e. standing barefoot on a force plate with and without vision), lacour et al. (1997) found that almost half of their healthy control subjects displayed decreased postural sway upon eye closure, while the remaining subjects displayed either no change or increased postural sway. By contrast, we found that vision always reduced spontaneous postural sway in our 20 participants to either a greater or lesser extent (with Romberg quotients that were always greater than one, ranging from a minimum of 1.35 to a maximum of 2.66).
Importantly, these observed individual differences in Romberg quotients were here found to significantly predict the strength of the (less compelling) vection induced by smooth radial flow. however, they did not appear to predict the strength of the (more compelling) vection induced by oscillating radial flow. as was noted above, the higher the Romberg quotient, the more vision appeared to contribute to the subject's postural stability. While subjects with higher Romberg quotients were found on average to report stronger vection during smooth radial flow displays, the vection induced by oscillating radial flow appeared to be largely independent of these Romberg quotients.
Romberg quotients were, however, found to significantly predict the size of our subjects' oscillation advantages for vection-with lower Romberg quotients being associated with larger oscillation advantages. subjects with low Romberg quotients reported weaker vection during smooth radial flow and displayed greater vection improvements when simulated viewpoint oscillation was added to their radial inducing displays. By contrast, the oscillation advantage was considerably less for subjects with higher Romberg quotients.
In the introduction, we had hypothesised that subjects with larger Romberg quotients (i.e. vision more important for stabilization) would also display larger oscillation advantages for vection. the idea was that subjects who relied more on vision would be less sensitive to the nonvisual sensory conflicts generated when viewing oscillating radial flow displays while standing on a stationary ground surface. contrary to this hypothesis, we found that subjects with lower Romberg quotients (i.e. vision less important for stabilization) tended to experience larger oscillation advantages for vection. It is not clear then how differential sensitivity to sensory conflict could explain the current failure of Romberg quotients to predict the strength of vection induced by oscillating radial flow. Instead, we believe that the most likely explanation of the current results is that since subjects with higher Romberg quotients already tended to perceive stronger smooth vection, they had less room for vection enhancement when simulated viewpoint oscillation was added to their inducing displays.
as noted above, the subjects in the present study all displayed reductions in postural sway when their eyes were open. thus, it is possible that our (more visual) subjects might have displayed different relationships between Romberg quotients and vection than other (less visual) subjects whose postural responses were either not altered by vision or in fact increased by vision. While the current data cannot completely rule out these alternative possibilities, we have recently reported that eyes-open/eyes-closed sway area ratios also predict the strength of smooth seated vection (apthorp et al. 2013) . Importantly, this new study utilised a completely different sample of subjects to those tested here.
In the last decade, research has shown that several postural measures can be used to identify people who are more susceptible to visually induced motion sickness. For example, stoffregen and his colleagues (e.g. smart et al. 2002; stoffregen and smart 1998) have shown that when subjects stand inside a swinging room, increases in the variability, range and velocity of their visually induced postural sway precede the onset of sickness symptoms. In a similar swinging room study, smart et al. (2002) were able to predict which of their subjects would eventually become sick (with an accuracy of between 80 and 92 %), based solely on individual differences in visually induced postural stability between the axis of the simulated self-motion.
Importantly, recent studies have also shown that preexposure postural responses (e.g. spontaneous postural sway) can be used to identify people who are more or less likely to become sick when later exposed to visual motion stimulation (e.g. Koslucher et al. 2013; stoffregen and smart 1998; stoffregen et al. 2000 , 2010 Villard et al. 2008) . Our research here adds significantly to this literature, demonstrating for the first time that pre-exposure postural responses can also be used (at least under some circumstances) to identify people who are more/less likely to benefit from the experience of vection in simulation.
